We report on the Gilbert damping parameter α, the effective magnetization is strongly increased due to enhanced inhomogeneous broadening.
Introduction
CoFeB/MgO/CoFeB systems are extensively employed in magnetic tunnel junctions (MTJs), which are important for modern spintronic devices such as read-heads and magnetic random-access memory [1] . In these applications the two key features are the perpendicular magnetic anisotropy (PMA) with PMA constant K ⊥ and magnetization damping with inhomogeneous (extrinsic) and Gilbert (intrinsic) contributions to the ferromagnetic resonance (FMR) linewidth.
The FMR linewidth is usually enhanced in Ta/CoFeB/MgO stacks for which the values of PMA and the Gilbert damping parameter α are scattered [2, 3, 4] . Recent experimental results [4, 5] indicate that there is no correlation between K ⊥ and α in these systems. Specifically, α is approximately constant while the PMA tends to improve on annealing. However, systems with a high PMA have often an increased linewidth due to an inhomogeneous broadening [6, 7] so that an extrinsic contribution to the linewidth may be as high as 400-500 Oe [8] despite α is of 0.01 -0.02 in these systems. An increase in linewidth is attributed to an angular dispersion of the easy PMA axis, which results in a high inhomogeneous broadening attributed to the zero-frequency linewidth ∆H 0 [6] .
It has been shown that PMA in CoFe/Ni multilayers is linearly propor-tional to the orbital-moment asymmetry [7, 9] in accordance with the Bruno's model [see Ref. [7] for discussion]. On the other hand, substantial PMA in Ta/CoFeB/MgO systems [2] has been considered as related to an inhomogeneous concentration of the anisotropy at the interface [10] so that the Bruno's model may be not valid in this case. Based on our experimental results, we aim to shed some light on possible correlation between asymmetry of the g-factor and the effective magnetization 4πM ef f , which are the magnetic parameters measured directly in a broadband FMR experiment. According to well known Kittel's formula, a departure from the free electron g-factor is proportional to µ L /µ S [11] so that we can discuss the asymmetry of the g-factor as well as on the asymmetry of the orbital moment on equal footing.
Here, we prefer to use asymmetry in g-factor for evaluating the relationship between orbital moment and PMA.
As far as we know, FMR has not yet been thoroughly investigated in "full" Ta/CoFeB/MgO/CoFeB/Ta MTJ structures. In particular, a dependence of PMA on the asymmetry in the g-factor has not yet been proved in CoFeB/MgO/CoFeB systems. In this paper, we aim to independently characterize each CoFeB layer separated by a MgO tunnel barrier in terms of the α parameter and 4πM ef f . By analyzing FMR measurements in the in-plane and out-of-plane configurations, we find that PMA correlates with the g-factor asymmetry in a highly nonlinear relationship.
Experimental methods
The samples were sputtered in an Ar atmosphere using a Singulus Timaris PVD Cluster Tool. The CoFeB magnetic films were deposited by dc-sputtering It is important to note that we investigated the as-deposited samples so that the CoFeB layers were amorphous [3, 12] . The effect of annealing treatment (330 o C for 1 hr) on magnetic properties of the system will be discussed at the end of the paper.
Hysteresis loops of the samples were measured by vibrating sample magnetometer (VSM) with the perpendicular and in-plane magnetic fields. The saturation magnetization M s of 1200 G in the as-deposited state was determined from magnetic moment per unit area vs. CoFeB thickness dependencies [13] . To investigate anisotropy and damping in studied samples, vector network analyzer ferromagnetic resonance (VNA-FMR) spectra of the S 21 parameter were analyzed [14] . VNA-FMR was performed at a constant frequency (up to 40 GHz) by sweeping an external magnetic field, which was applied either in-plane or perpendicular to the sample plane. These two configurations will be referred to as the in-plane and out-of-plane configurations.
Experimental data were fitted using the Kittel formula
for the in-plane configuration and
for the out-of-plane configuration, where ω = 2πf is the angular microwave frequency, H r the resonance field, γ ,⊥ = g ,⊥ µ B / the gyromagnetic ratio, Table 1 . As it is shown in the inset of Fig. 3 (a) , the thickness of MgO spacer within a range of 0.9 -1.25 nm had almost no influence on the fitting parameters, therefore, the values of fitting parameters 4πM ef f , g, α, and ∆H 0 are typical for all samples with various MgO thickness. In-plane configuration Although it is counter-intuitive that the thinner B layer possesses an inplane easy axis, the same feature has been reported for other Ta/CoFeB(1 nm)/MgO systems deposited in the same Timaris equipment [17] . Similar effect has been recently observed in a substrate/MgO/CoFeB/Ta/CoFeB/MgO structure, where the thicker CoFeB layer exhibits a strong PMA in contrast to the relatively weak PMA in the thinner CoFeB layer [18, 19] . It is possible that the growth mode of the MgO layer in contact with an amorphous CoFeB layer might be responsible. The perpendicular anisotropy in these systems originates from the CoFe/MgO interface [20] . The structure of the unannealed CoFeB layers is amorphous regardless of underlying layers, whereas the MgO barrier deposited on the amorphous CoFeB has an amorphous structure of up to four monolayers (that is about 0.9 nm) [21] .
Results and discussion
Hence, there are subtle differences between the CoFeB/MgO (bottom) and MgO/CoFeB (top) interfaces; the interface of the bottom CoFeB layer is mainly amorphous whereas the interface of the top layer is crystalline, because the barrier thickness of the investigated samples is above the transition from amorphous to crystalline phase. Therefore, different structures for the CoFeB/MgO interfaces may result in different values of anisotropy constant.
Another explanation is that the measured dependence K ef f × t ef f vs. t ef f in films with PMA is often strongly nonlinear due to either intermixing at interfaces [22] or magnetoelastic effects [15] , with K ef f × t ef f exhibiting a maximum as a function of decreasing t ef f and with the PMA eventually being lost for small t ef f of, for example, 0.7 nm.
The values of g factor yield the ratio of the orbital µ L and spin µ S magnetic moments in accordance with equation [9, 11] 
where µ S = µ B . Hence, the difference between orbital moments ∆µ L along the easy and hard direction in the in-plane [ Fig. 1 (a) ] and out-of-plane [ Fig. 1 (
. ∆µ L is of 0.09µ B and −0.01µ B for the T and B layer, respectively.
In CoFe/Ni multilayers [7] , the PMA has been shown to be proportional to the orbital moment anisotropy in accordance to Bruno model [23] . However, in the case of the CoFeB/MgO systems this direct relationship between the orbital moment asymmetry and the perpendicular anisotropy is not fulfilled. As can be seen in Table 1 , (g ⊥ − g ) ≈ 0 for the B layer corresponds to 4πM ef f = 2.2 kG. Hence, while (g ⊥ − g ) is negligible, a decrease in 4πM ef f due to PMA from 4πM S = 15 kG to 2.2 kG is substantial. In contrast,
18 is exceptionally large for the T layer, while 4πM ef f merely decreases to -2.3 kG. In accordance with the earlier report [24] , this confirms that any relationship between the orbital moment asymmetry and the perpendicular anisotropy in CoFeB/MgO systems is highly nonlinear. Of course, other factors controlled by annealing such as disorder at interfaces and overor underoxidized interfaces would also play a significant role in PMA [20] .
Future work confirming such a nonlinear relationship for a broad range of t CoF eB might resolve this issue.
At present, there is no doubt that PMA in MgO/CoFeB structures is an interface effect and it is correlated with the presence of oxygen atoms at the interface despite the weak spin-orbit coupling [20, 25] . The origin of PMA is attributed to hybridization of the O-p with Co(Fe)-d orbitals at the interface [20] and/or to a significant contribution of thickness dependent magnetoelastic coupling [15] . A deviation of the g-factor from the 2.0 value is expressed by g 2 − 4λ/∆ , where λ < 0 is the spin-orbit constant for Fe(Co) and ∆ is the energy levels splitting in the ligand field [11] . While the deviation of the g-factor is inversely proportional to ∆, PMA (and hence 4πM ef f ) is proportional to the enhanced spin-orbit-induced splitting around the Fermi level [20] . This may result in a complex relationship between PMA and g-factor anisotropy.
The Gilbert damping parameter α is evaluated from the dependence of the linewidth ∆H on the resonance frequency as shown in Fig. 4 for the in-plane (a) and the out-of-plane (b) configurations. The lines are linear fits where ∆H 0 is the inhomogeneous broadening related to CoFeB layer quality.
The values of α and ∆H 0 are shown in Table 1 . The top and the bottom layers show almost the same α of 0.017 -0.018. This suggests that the damping has no relation to PMA. While ∆H 0 for the top layer is almost the same for both configurations, ∆H 0 for the bottom layer at the (b) configuration is nearly twice as large as that for the (a) configuration. Such a behavior suggests that the layer B is rather inhomogeneous with a large angular dispersion of magnetization across the layer [26, 27] .
Spin pumping to Ta layers (which are a part of the buffer and cap-ping layers, as shown in Fig. 1 (e) ) may also influence the damping in CoFeB/MgO/CoFeB systems since magnetization precession induces a spin current to the adjacent nonmagnetic Ta layers that result in an enhanced damping [8] . This is an interface effect and hence scales inversely proportional to the CoFeB layer thickness. Because the bottom layer with an inplane easy axis is thinner than the top layer with a perpendicular easy axis, the spin pumping effect affects it more. To estimate spin pumping effect the standard equation [28] without backflow is used
where t ef f is the effective thickness of CoFeB and g ↓↑ is the mixing conductance. The measured damping of both layers is of 0.017 -0.018, while damping of a bulk CoFeB is around 0.004 [12] . Therefore, an increase of ∆α due to spin pumping is of 0.014 which gives the mixing conductance g ↓↑ = 0.8 and 1 × 10 15 cm −2 for the effective thickness 0.7 nm and 0.9 nm of B and T layer, respectively. The value of mixing conductance g ↓↑ for Ta/CoFeB interface found in the literature lies in a broad range from 1.67 × 10 14 to 1.4 × 10 15 cm −2 [29, 30, 31, 32] . Taking into account our simplification (the lack of backflow), this estimation gives the maximal values of mixing conductance. Hence, we can conclude that spin pumping substantially influences the damping in our structures. It is worth mentioning that the measured α of 0.017 -0.018 for CoFeB/MgO/CoFeB systems agrees with α = 0.015 for the Ta/CoFeB(1)/MgO structure reported in [3] .
Finally, we would like to make a further comment on postdeposition annealing of our CoFeB/MgO/CoFeB systems. We found that annealing at 330 o C for 1 hr, beside increasing M s to 1500 G, enhances also PMA so that both layers possess easy axes perpendicular to the plane. 4πM ef f attains -1 kG and -4 kG for the B and T layers, respectively. We found that an increase in K ⊥ of 7.7 × 10 6 erg/cm 3 equally contributes to both layers and, for example, K ⊥ = 17 × 10 6 erg/cm 3 for the T layer. On the other hand, the linewidth ∆H strongly broadens to ∼ 400 Oe and ∼ 700 Oe for the B layer and the T layer, respectively. These values are in agreement with recently reported values for a similar systems [17] . Moreover, as it is shown in Fig. 5 , ∆H does not follow the linear dependence described by Eq. (4). Therefore, it is impossible to determine α precisely for the annealed systems. Such a behavior of ∆H and the decreased remanence with respect to the saturation magnetization (see, [17] ) both confirm a strong angular dispersion of the easy PMA axis in both layers. It has been observed that with increasing PMA the dispersion of anisotropy also increases [6, 7, 27] . As a result, dispersion in PMA leads to a large two magnon scattering contribution to the linewidth for in-plane magnetization and to an enhanced Gilbert damping [6] . While the magnetic parameters practically do not depend on the MgO thickness in as-deposited structures, the annealed structures show a substantial spread in 4πM ef f as it is shown in Fig. 6 , which may imply some different CoFeB/MgO interfaces due to, for example, boron diffusion [30, 33] .
Conclusion
We investigated the CoFeB/MgO/CoFeB as-deposited systems with the in-plane and out-of-plane orthogonal easy axes due to the substantial dif- that there is no correlation between the Gilbert damping and PMA. We also showed that 4πM ef f correlates with the asymmetry in the g-factor (and hence with ∆µ L ) and this correlation is highly nonlinear. Annealing enhances PMA in both layers but it has detrimental effect on the linewidth, however.
Therefore, despite the Gilbert parameter shows no correlation with PMA, it seems that there is some correlation between the linewidth (see Eq. 4) and PMA in the annealed systems through a combined effect between dispersion of local anisotropy easy axes in crystallites with a high PMA. 
